Abstract-In this paper, a 9-bit 1GS/s high precision folding A/D converter with a 45 nm CMOS technology is proposed. In order to improve the asymmetrical boundary condition error of a conventional folding ADC, a novel scheme with an odd number of folding blocks is proposed. Further, a new digital encoding technique is described to implement the odd number of folding technique. The proposed ADC employs a digital error correction circuit to minimize device mismatch and external noise. The chip has been fabricated with 1.1V 45nm Samsung CMOS technology. The effective chip area is 2.99 mm 2 and the power dissipation is about 120 mW.
I. INTRODUCTION
With the development of wireless communication and digital broadcasting markets in recent years, the demands for high speed Analog-to-Digital Converters(ADC) are rapidly increased in the field of satellite set-top box(S-STB), near field communication(NFC), military radar system, and so on. Until now, a high-speed ADC beyond 1 GHz sampling clock is typically fabricated with BiCMOS or BJT technology. However, the technologies have to use high supply voltage, consume a lot of power. Furthermore, they don't conform to the recent trends of System-On-Chip(SOC) with a CMOS technology. Thus a high speed ADC with a 45 nm CMOS technology is described in this paper.
Conventionally, high conversion speed ADCs have been primarily designed with a flash type. However, flash ADCs cause a difficulty in realizing the high resolution beyond 8-bit, due to an increase of the number of preprocessing amplifiers by 2 n times [1] [2] [3] . Thus it is a great constraint of high resolution ADCs because of its huge power consumption and chip area. To overcome those problems, folding structure has been continuously studied [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . However, folding ADCs have an asymmetry error at the boundary conditions, since there is even number of folding blocks [5] . Further, the folding structure has a severe linearity error due to the undesired operation of the comparators. Even though a few calibration techniques have been published to improve the linearity errors, it is not enough to satisfy the required specifications [5, 6] . Hence, in this paper, an ADC satisfying 9-bit resolution and 1GHz conversion speed is proposed. It has a folding structure to satisfy high conversion speed and mid-range resolution. A novel scheme with an odd number of folding blocks is proposed to improve the asymmetrical boundary condition error of conventional folding structure. Further, a new digital encoding technique is described to implement the proposed folding technique. The proposed ADC employs a digital error correction circuit to minimize device mismatch and external noise
The contents of this paper are as follows. In Section II and III, the architecture and the circuit technique for the proposed folding ADC are discussed, respectively. Measured results are described in Section IV. Finally, the conclusions are summarized in Section V.
II. ARCHITECTURE
Typically, in case of 9-bit folding ADC, it is designed with a split structure such as 2+7, 3+6, or 4+5 coarse and fine ADC. Table 1 shows the comparison of each structure in terms of the number of pre-amplifiers and comparators. The 2+7 structure has an advantage that it takes wider input bandwidth relatively. However, the 7-bit fine ADC has some problems of large chip area and huge power consumption, because there are many comparators. In contrast, in case of 4+5 structure, small chip area and low power consumption are expected. But it causes very high folding rate(FR), and it is difficult to raise the frequency of input signal. Hence, the proposed ADC adopts the split structure of 3+6, considering the folding rate, power consumption, and chip area. Fig. 1 shows the block diagram of the proposed ADC which consists of an analog signal processing stage, a digital error correction circuit, a novel encoder, and so on.
In order to satisfy the folding rate, a cascaded folding structure is discussed as shown in Fig. 1 . A resistive averaging technique is also adopted to improve the average offset errors of the pre-amps and folding blocks [7] . Normally, most of the conventional folding ADCs have an even number folding blocks and preamp. It causes an asymmetric error at the boundary region. Thus a folding structure using an odd number of folding blocks and the preamp is discussed to solve the asymmetric error. Conventionally, the 2 nd folding-interpolation stage is based on the even number of interpolation rate(IR=4) in [17] . However, it has a drawback that the zero-crossing cannot generate the perfect symmetrical codes of ADC. In order to solve this problem, the proposed 9-bit ADC is based on the odd number of interpolation rate(IR=3). Through this work, the symmetry of zero-crossing composition can be improved. However, it causes some problems of a complicated encoding process and a lot of switching arrays [10] . In order to solve that problem, the proposed ADC applies a novel digital encoder. It can minimize the switching problem, the chip area, and power consumption. In section III, the circuit technique and the role of each block are explained one by one.
III. CIRCUIT DESCRIPTION 1. Odd Number of Folding Blocks
A high conversion rate ADC typically has a parallel processing method to raise the speed. However, the parallel processing method has a nonlinearity problem because of the offset error at the amplifier stage. Further, conventional folding structures using even number of folding blocks have an asymmetric error at the boundary regions and it causes zero-crossing errors. Fig. 2(a) shows the asymmetric error of the even number of folding blocks. It has the inevitable zero-crossing error at the right boundary region. To solve those problems, dummy circuits, calibration engine, and other methods have been published [10] [11] [12] [13] [14] [15] [16] . However, they have a few drawbacks of huge power consumption, large chip area.
Hence, in this paper, an odd number of folding blocks to improve the linearity and symmetry is described. The proposed folding structure adopts a resistive averaging technique to improve the linearity when the signal of preamplifier stage is processed. Fig. 2(b) shows the circuit diagram and the analog signal diagram. If there is odd number of folding blocks, it is able to maintain the symmetric conditions at the left and right boundary region. Thus the linearity error can be reduced drastically.
A Digital Encoding Technique
Unlike the conventional ADCs based on even number of folding blocks, the proposed structure with an odd number of folding blocks has a problem that encoding process is complicated. When we choose a conventional encoding process, we have to use many ROMs and switching processors [11] . However, there are many complicated circuits, and the switching delay may cause a malfunction. Thus, a novel encoder using adder logic to minimize the switching process is proposed. Fig. 3 shows the encoding process of the coarse ADC and the fine ADC.
Since the folding rate is 8.13 at the proposed 3+6 structure, the folding structure has a digital signal value of log 2 (8.13) (N1=3.02-bit) at the coarse ADC block, and a digital signal value of log 2 (63) (N2=5.98-bit) at the fine ADC block. In order to generate the normal coarse digital bit (N1=3-bit) and the fine digital bit (N2=6-bit), the fractional digital bit must be converted into normal digital bit. The deficient 0.02-bit at the fine ADC block can be added by the addition of ROM1 digital output at the coarse ADC block. Then, the switching signal of the adder block at the fine ADC selects the ROM2 or ROM3 at the coarse ADC block. Thus the results of coarse ADC are synchronized by the output of fine ADC, and the final 9-bit results of the folding ADC are finally obtained. The proposed encoder has an advantage of independent operation between the coarse ADC and the fine ADC, because we use an adder circuit. However, the conventional switching structure has a drawback of asynchronous delay time, because there is no adder.
Digital Error Correction Logic
Due to the difference of delay time between the coarse ADC and the fine ADC, a normal folding ADC with a split structure causes many critical errors. Therefore, in this paper, a digital error correction logic(DCL) to minimize digital code errors at the boundary region is discussed. Fig. 4 shows the proposed digital error correction process. First of all, DCL selects Up or Down signal in advance by the 2nd binary code of the fine ADC. It means pre-selected codes are stored. Then, the output of the XOR generated by both the 3rd binary code of the coarse ADC and the fine comparator output decides the LSB codes of the fine ADC. If the output of XOR is 1, the LSB codes are corrected into the preselected codes. If the output of XOR is 0, the LSB codes are not corrected. Therefore, it minimizes the coding errors generated by the time delay between the coarse ADC and the fine ADC. included. It is very helpful technique to verify the highspeed ADC. In order to verify the performance of ADC, a compuscope 3200 testing board that is able to measure SNR, DNL, INL, and other performance is used. We especially use Labview system to improve the reliability of the measurement, while we verify the characteristics of the ADC. Fig. 6 shows measured results for FFT spectrum, INL, DNL of the proposed ADC at the sampling frequency (f s ) of 1GS/s and the input frequency (f in ) of 6.2 MHz. The measured result of SNDR is 48.5 dB, SFDR is about 59.59 dBc. INL is within +7 LSB/-3 LSB and DNL is within +1.5 LSB/-1 LSB. Most of the ADCs have some drawbacks of linearity error, gain error, and a few errors due to device mismatching and other secondary effects. Hence, many ADCs recently have the self-calibration logic to reduce the errors [17] . But, since there is no calibration circuit in this ADC, the measured performance is not good. In case of INL, specially, the offset errors are continuously accumulated from the initial code to the final code. Thus it has a worst value of 7 LSB, and it must be reduced in a future. Fig. 7 shows the measured SNDR vs input analog frequency at the sampling frequency of 1 GHz. The SNDR is about 45.35 dB at 150 MHz, and 40 dB at 500 MHz. In the folding structure, the effective resolution of band width (ERBW) is normally decreased, when the folding amp increases the input signal frequency. In order to solve this problem, an input stage with THA is employed in this paper. Nevertheless, each amplifier connected with cascaded structure causes a degradation of bandwidth (BW). Furthermore, parasitic capacitances are generated by metal layers, gate-drain capacitance, etc. Moreover, the high speed input signal frequency causes a rapid increase of parasitic capacitance. Therefore, the dynamic performance of ADC is degraded by the increase of the input signal frequency. 
IV. MEASURED RESULTS

V. CONCLUSIONS
In this paper, a 45 nm 9-bit 1GSPS high precision CMOS folding ADC for a high-performance multi-media equipment has been described. In order to satisfy 9-bit resolution and high conversion rate, the proposed ADC has been designed with an odd number of folding blocks. In the middle of ADC, a digital encoder using adder logic, and a digital error correction logic have been discussed. The chip had been fabricated with Samsung 45nm CMOS process. Table 2 shows the summary of measurement result and performance. Table 3 shows the comparison of this work with other ones. Even though the power consumption of the ADC is 120mW, the FOM is not much better than the others. Thus a calibration circuit must be added in the next version. 
